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INTRODUCTION
T he mineralization of dental enamel is a unique and complex process involving the sequential passage of mineral ions across cell and fluid barriers. The 2 main stages recognized in the formation of enamel are the secretory and maturation stages, both regulated by the formative ameloblast cells. Secretory ameloblasts are tall, polarized cells that often reach up to 60 to 100 µm in length while maintaining a relatively narrow 5-to 8-µm diameter. The secretory stage provides an organic template form in which the enamel crystals grow under spatio-temporal guidelines dictated by the enamel-specific proteins secreted by the ameloblasts (Smith, 1998) . The main goal at this stage is to build, in an organized manner, the full volume of enamel tissue, consisting of mineral crystals bundled into structures called prisms (rods) and other mineral crystals filling the spaces between the prisms (interrod). The patterns of enamel scaffolding thereby created are complex and largely species-specific; thus, this review will focus on rodents, one of the best-known enamel models. Enamel maturation is synonymous with calcification and mineralization, widely used terms in the literature (Glick, 1979) . Maturation-stage ameloblasts re-organize and change morphology to become shorter and somewhat more 'squat' cells. These cells then orchestrate the mineralization of enamel, creating a biomaterial containing 95% mineral by weight (Smith and Nanci, 1996) . They accomplish this by removing the organic content and water, originally provided by the cells, and by actively engaging in the organized passage of various ions required for the expansion of enamel mineral crystals (Smith, 1998; Hubbard, 2000) . The intricate pathways of active movement of ions across ameloblasts and in between these cells are the primary focus of this review. Moreover, our research, as well as research conducted by other scientists, describes similarities between the physiology of ion transport by ameloblasts and epithelial-derived cells of other organs, allowing us to draw parallels between enamel formation and the formation of non-mineralizing tissues such as the pancreas and kidney, and because of this, the transport properties for these 2 soft-tissue organs will be briefly introduced.
CONTROL OF pH IN PANCREATIC DUCT CELLS AND KIDNEY PROXIMAL TUBULES
Although all cells regulate their intracellular pH via a wide variety of hydrogen ion (H + ) and bicarbonate (HCO 3 -) transport proteins, there are specific tissues that mediate vectorial transepithelial bicarbonate transport. For example, New Paradigms on the Transport Functions of Maturation-stage Ameloblasts the kidney proximal tubule absorbs ~ 3,000 mmol of HCO 3 per day, whereas the pancreatic duct secretes ~ 300 mmol of HCO 3 per day. Salivary glands and intestine also mediate transepithelial bicarbonate transport. Vectorial transport in these epithelia is facilitated by the polarized expression of specific acid-base transporters. We will briefly discuss bicarbonate secretion in the pancreas and bicarbonate absorption in the proximal tubule as model systems. As evidenced by the research summarized in this section and in the following sections, many transporters identified in the pancreas and kidney are also associated with similar transport functions in the enamel organ.
In the pancreas, basolateral HCO 3 uptake into pancreatic duct cells is mediated by the electrogenic Na + -HCO 3 co-transporter NBCe1-B, which in turn is regulated by IRBIT (adenosylhomocysteinase-like 1) (Yang et al., 2011) . The duct also expresses the sodium hydrogen exchanger NHE1 and the anion exchanger AE2 at the basolateral pole, although their contribution to transepithelial HCO 3 transport is minimal (Yang et al., 2011) . Secretion of apical HCO 3 is mediated by the cystic fibrosis transmembrane conductance regulator (CFTR) and the solute carrier Slc26a6 (Singh et al., 2010) . CFTR has limited permeability to HCO 3 -. The major apical HCO 3 transporter is SLC26a6 (pendrin-like protein 1), functioning as a 2HCO 3 -/1Clexchanger. SLC26 transporters and CFTR are characterized by mutual regulation. The STAS domain of SLC26 transporters binds the R domain of CFTR and can activate both (Singh et al., 2010) . The sodium hydrogen exchangers NHE2 and NHE3 are also expressed in the apical membrane and may function when bicarbonate secretion is decreased to salvage luminal HCO 3 - (Singh et al., 2010) . NHE3 interacts with CFTR via PDZ-containing scaffolding proteins and is regulated by CFTR and IRBIT. Together, NBCe1-B, CFTR, and Slc26a6 achieve a luminal HCO 3 concentration of ~ 140 mM (Singh et al., 2010; Yang et al., 2011) . The carbonic anhydrase (CA) inhibitor acetazolamide significantly blocks ductal HCO 3 secretion (Sener et al., 2007) . CA2, CA4, CA9, and CA12 are expressed in the pancreatic duct (Lee and Muallem, 2008) . The role of each CA isoform has not yet been clearly delineated.
In the renal proximal tubule, bicarbonate uptake across the apical membrane is indirect via the protonation of luminal HCO 3 -. Proton secretion is mediated by apical NHE3 (Girardi and Di Sole, 2012) . Luminal HCO 3 is converted CO 2 , which is passively absorbed across the luminal membrane. In proximal tubule cells, intracellular CO 2 is re-converted to HCO 3 and a proton (Girardi and Di Sole, 2012) . The proton is recycled across the apical membrane via NHE3, and HCO 3 is absorbed across the basolateral membrane via the electrogenic Na + -HCO 3 co-transporter NBCe1-A. As in the pancreatic duct, various CA isoforms are expressed (CA2, CA4, CA9, CA12) (Purkerson and Schwartz, 2007) .
ENAMEL MATURATION
Ameloblasts are highly polarized cells, acquiring this characteristic apical-basal polarity soon after differentiation. This polarity does not change until the enamel organ becomes reduced at the end of amelogenesis. During the post-secretory stage, enamel crystals experience large volumetric expansion within a mildly acidic environment, concurrent with rapid nucleation events and release of H + (Smith and Nanci, 1995; Smith, 1998) . A common mechanism to produce this volumetric expansion in mammals is associated with supersaturation of the enamel fluid, primarily with calcium and phosphate ions, thereby optimizing the driving force for mineralization and assisting to degrade and remove organic matrix to create space for crystal expansion, processes mediated by the ameloblasts (Nanci and Smith, 1992; Smith, 1998; Lacruz et al., 2012a) .
Secretory-stage ameloblasts present a tight barrier for diffusion of mineral ions, as suggested by differential concentrations of various elements between the tissue and the enamel fluid (Takano, 1995; Hubbard, 2000) . This is not the case in maturationstage ameloblasts and associated cell layers. One of the most intriguing and as-yet-unexplained aspects of ameloblast maturation is the cyclical and rapid changes in morphology (within hours) from what has been described as "ruffle-ended" to "smooth-ended" cell phenotypes (Josephsen and Fejerskov, 1977; Smith, 1998) . Smooth-ended ameloblasts (SA) are presumed to be impermeable to ion movement across the basal pole, whereas ruffle-ended ameloblasts (RA) have this barrier at the apical pole (Smith, 1998; Hubbard, 2000) . This dynamic permeability pattern allows for bi-directional diffusion of small molecules into, and removal from, the enamel area (Smith, 1998; Josephsen et al., 2010) . Prior to enamel maturation, the stratum intermedium (the cell layer in contact with the basal pole of ameloblasts), the stellate reticulum, and the outer dental epithelium undergo morphological transformations, resulting in the formation of the papillary layer (PL) (Garant and Nalbandian, 1968b; Sasaki et al., 1990) . The paucity of protein-synthesizing organelles (rough ER and Golgi) suggests little protein-secretory function for the PL. However, the well-developed mitochondrial apparatus has been implicated as an important indicator of substantial energy-generating potential, permitting, for example, active ion transport function (Garant and Nalbandian, 1968a; Hubbard, 2000) . The PL is deeply invaginated by numerous blood vessels surrounded by a basal membrane, thereby allowing for more rapid diffusion of ions and nutrients into the ameloblast layer (Decker, 1963) . The proximity of capillary systems to ameloblasts ultimately permits rapid incorporation of ions into the enamel crystals (Takano, 1995) and improves the efficiency of local tissue fluid-buffering capacity. Extensive gap junctions connect the basal poles of maturation-stage ameloblasts to the PL, allowing for rapid intercellular communications (Sasaki et al., 1990) .
CALCIUM TRANSPORT
Calcium regulation manifests as one of the more difficult challenges facing enamel-forming cells, since they produce the most highly calcified tissue of all. Recent studies support a new paradigm for calcium transport (termed "calcium transcytosis") that now warrants further investigation in dental tissues. For over 20 years, enamel biologists have contemplated a perplexing question about the need for enamel-forming cells to supply calcium in sufficient bulk for mineralization, yet avoid the potentially cytotoxic effects of elevated cytosolic calcium (Hubbard, 2000) . Cell viability depends on cytosolic-free calcium being maintained at low average concentrations (~ 0.2 µmol/L). Although calcium-signaling transients are well-tolerated, more extreme increases can be toxic and even lead to cell death (Hubbard, 2000) . Building from anatomical evidence that the enamel epithelium acts as a semi-permeable barrier to calcium, previous biochemical studies revealed an exceptionally high abundance of calcium-handling proteins in enamel-forming rat and mouse cells. Moreover, various calcium-handling proteins were found to be up-regulated ~ 3-fold relative to the secretion phase, closely paralleling the increased calcium flux at maturation (Hubbard, 2000) . However, contradicting the "calbindin ferry" dogma long held by the calcium-transport field (based largely on studies of gut and kidney), the major calbindin (Calb1/CB28) was found to be down-regulated during maturation, CB28-null mice lacked the dental phenotype, and the other 2 types of calbindin (Calb2 and S100g) were recently ruled out as alternative calcium transporters (Turnbull et al., 2004; Hubbard et al., 2011) . Instead of a cytosolic transport mechanism, the biochemical data invoked an organellar route involving endoplasmicreticulum-related calcium stores (ER/Ca stores). As such, calcium transcytosis is conceptually appealing, because it encompasses safety against calcium cytotoxicity as well as providing a high-flux transcellular pipeline (Hubbard, 2000; Hubbard et al., 2011) .
Recent genome-wide transcript-profiling studies have strengthened this emerging paradigm, not only by illustrating that ameloblasts undergo a comprehensive molecular change at maturation, but also by invoking several new "key players" in calcium trancytosis (Lacruz et al., 2011a (Lacruz et al., , 2012a . When one considers how calcium enters the putative transcellular pipeline, it is tantalizing that Stim1, a plasmalemmal calcium channel component associated with ER/Ca-stores, was expressed at exceptionally high levels during maturation (~ 8-fold increase over secretion at the protein level). At the other end of the putative pipeline, a recently discovered type of sodium-calcium exchanger (NCKX4; coded by Slc24a4) has been shown to be expressed at moderately high levels (Hu et al., 2012) . Importantly, unlike the 5 other isoforms of NCKX and all 3 isoforms of the "classic" NCX sodium-calcium exchangers (Okumura et al., 2010) , NCKX4 protein levels were upregulated ~ 2-fold at maturation, producing a particularly strong candidate for mineralization-related calcium extrusion (Hu et al., 2012) . In addition to novel machinery for calcium transport, the transcript studies identified S100a4 and Rcan1 as 2 calcium-signaling proteins up-regulated during maturation (Lacruz et al., 2012a) . Analysis of these transcriptomics data, collectively, has broadened our theory about how enamelforming cells might accomplish safe handling of bulk calcium, by balancing sequestration within organelles against the ongoing need for calcium-signaling dynamics in the cytosol. Further investigation of these newly suggested mechanisms appears justified, given the practical significance of calcium regulation with respect to dental bioengineering and prevention of enamel malformations. Furthermore, when one considers the significance for other biological research, it is noteworthy that recent calbindin-null studies failed to support the calbindin-ferry dogma in gut and kidney (although questions about compensation remain to be addressed) (Hubbard et al., 2011) . Murineenamel models now stand as particularly strong comparators for future investigations into transepithelial calcium transport and the functions of calbindins.
PHOSPHATE AND SODIUM TRANSPORT
Whereas some advances have developed from an understanding of calcium transport in the enamel organ as discussed above, phosphate and sodium transport remains poorly defined. Phosphate homeostasis is essential for cellular function, bone formation, and DNA replication (Murer et al., 2004) . In enamel, phosphate is a fundamental element in the formation and growth of hydroxyapatite-based crystals (Smith, 1998) . Most studies on phosphate transport in the enamel organ focus on observations of radiolabeled P ( 32 P or 33 P) injections in rodents to identify its incorporation into the enamel crystals or to identify phosphate concentrations at various developmental stages (Robinson et al., 1974; Wennberg and Bawden, 1978; McKee et al., 1989) . The evidence described in these studies indicated that phosphate uptake increased in the maturation stage and might also be linked with the passive SA phase (Reith and Boyde, 1981) . However, the mechanisms of phosphate transport remain obscure, and both transcellular and paracellular transport mechanisms may be involved. We have recently identified a member of the solute carrier 34 (SLC34) gene family as a possible candidate for phosphate transport in the enamel organ (Lacruz et al., 2012a) . The SLC34 gene family is composed of 3 sodium-phosphate cotransporters, or Na/Pi's, coded by genes Slc34a1, Slc34a2, and Slc34a3, and coded for the proteins NaPi-IIa, NaPi-IIb, and NaPi-IIc, respectively (Murer et al., 2004) . A 64-fold increase in the expression of NaPi-IIb (Slc34a2) mRNA was found in maturation-stage enamel organ cells relative to secretory-stage cells (Lacruz et al., 2012a) , providing a good candidate gene for major phosphate transport in the enamel organ. Alternative mechanisms for phosphate trafficking, from the cell to the enamel matrix, may play a role in amelogenesis, such as a possible storage and transport mechanism proposed for bone (Omelon and Grynpas, 2008) . Here (Omelon and Grynpas, 2008) , polyphosphates and/or calcium phosphates would be stored in the mitochondria and released to the extracellular matrix as needed through secretory vesicles. Polyphosphates would then be enzymatically cleaved into orthophosphates, allowing for hydroxyapatite (Hap) formation. For such an activity to occur, the expression of alkaline phosphatase would be required, and it has been shown that alkaline phosphatase activity is expressed at the apical pole of polarized ameloblasts, during both secretion and maturation (Kurahashi and Yoshiki, 1972) .
Maintenance of basal cellular levels of sodium and potassium is typically achieved by the membrane-bound Na + ,K + -ATPase pump (Glynn, 2002; Morth et al., 2011) . The Na + ,K + -ATPase pump is active as a dimer of 2 protein subunits, referred to as the α-subunit and the β-subunit (Glynn, 2002; Morth et al., 2011) and functions to move 3 Na + out of cells in exchange for 2 K + for every ATP that is hydrolyzed (Morth et al., 2011) . Four unique genes code the α-subunit, and 4 unique genes code the β-subunit, while the α/β dimer combination appears to be somewhat tissue-specific (Morth et al., 2011) . The presence of a Na + ,K + -ATPase pump in enamel organ cells has previously been investigated by chemical and biochemical approaches suggesting that expression of such a pump localizes in the lateral plasma membranes of secretory ameloblasts and the stratum intermedium, and also in the PL cells of rat incisor enamel organs (Kashgarian et al., 1985; Garant et al., 1987) . Analysis of recent immunolocalization data, however, suggests that a Na + ,K + -ATPase pump, or at least one of the α subunits, localizes predominantly to the PL (Josephsen et al., 2010) .
H + /BASE TRANSPORT
Several review papers discussing pH regulation during amelogenesis are available Smith, 1998; Lacruz et al., 2010a) . During maturation, enamel organ cells express significant levels of carbonic anhydrases: Car2 and Car3 (intracellular CAs), Car6 (secreted), and Car12 (membranebound) (Lin et al., 1994; Toyosawa et al., 1996; Smith et al., 2006; Josephsen et al., 2010; Lacruz et al., 2012b) . Enamel organ cells, including ameloblasts, also express at least 2 bicarbonate carrier proteins (NBCe1 and AE2) (Lyaruu et al., 2008; Paine et al., 2008; Bronckers et al., 2009) . Based on the available antibodies and immunolocalizations, various models have been presented in recent years illustrating the spatial location of these bicarbonate transporters (Lyaruu et al., 2008; Paine et al., 2008; Bronckers et al., 2009; Josephsen et al., 2010) and an associated chloride channel CFTR (Bronckers et al., 2010) (Fig. 1) . Analysis of our data indicated that NBCe1 is located at the basal pole of polarized (secretory)-stage ameloblasts, allowing for bicarbonate movement from the PL cells and/or blood circulation into ameloblasts, while AE2 and CFTR are located at the apical pole of ameloblasts, allowing for movement of bicarbonate from ameloblasts to the enamel matrix (Paine et al., 2008; Lacruz et al., 2010b) . For AE2, our immunolocalization data were generated from frozen, unfixed sections of the mandibular incisors of 3-day-old mice (Paine et al., 2008) , and, for NBCe1, 3-day-old mouse mandibles were fixed in Carnoy's fixative (Paine et al., 2008; Lacruz et al., 2010b) . Other investigators, working with formaldehyde, immersionfixed, and paraffin-embedded mandibles from older mice (2012). At the basolateral pole, HCO 3 is regulated by NBCe1. Sodium uptake is mediated by NHE1, whereas extrusion involves Na + /K + ATPases. Non-voltage-gated Na + channels may also contribute to Na + absorption at the basolateral pole (not shown). The apical pole of these cells expresses the Na + /HCO 3 co-transporter (NBCn1) and the Na + /H + exchanger (NHE3) that regulate Na + intake, whereas Clis extruded by Cftr and exchanged by Slc26a6 for HCO 3 -. (B) Maturationstage ameloblast. This model is not restricted to HCO 3 transport but depicts our current knowledge of the proteins associated with the main activities of ameloblasts during maturation. Our model has been constructed based on previous reports (Bronckers et al., 2010; Josephsen et al., 2010) together with our own data. In this scheme, Ca 2+ may be transported out of the cells at the apical pole by at least one of the NCKX members of sodium-calcium-potassium exchangers (NCKX4) (Hu et al., 2012) . Clmay be transported into the lysosomal system by Clcn7 to acidify luminal pH (Lacruz et al., 2013) . We base our diagram on an osteoclast model (Jentsch, 2007) that commonly includes H + ATPases in the endosomal-lysosomal system. These pumps, as well as the function of a variety of CLC transporters, are ubiquitous features of endosomes-lysosomes required for luminal acidification (Jentsch, 2007) . Chloride is also transported at the plasma membrane by Cftr and may also be linked to the anion exchanger AE2, as has been proposed (Bronckers et al., 2010) . Two versions have been reported for the localization of AE2. In the schematic, AE2 localization at the apical pole was reported by Paine et al. (2008) , whereas AE2 in the basolateral pole was described by Lyaruu et al. (2008) and Bronckers et al. (2009) . Carbonic anhydrases 2 and 6 (Car2, Car6) remain important sources of localized bicarbonate production, as described elsewhere (Lacruz et al., 2012b) . We hypothesize that, in addition, the isoform Car3 may also contribute to this function, which illustrates increased mRNA expression levels during maturation (Lacruz et al., 2012b) . Intracellular passage of bicarbonate appears to be mediated by NBCe1 at the basal pole (Lacruz et al., 2010b) . Such buffering may be required for ameliorating H + release during Car2 and Car3 activities in the cytosol. Perhaps some of these H + are shunted to the enamel area and others are used by the H + ATPase pumps of the endosome-lysosome. Extracellular bicarbonate transport to the enamel area may also be mediated by Cftr and AE2. In addition, as discussed in the text, if future research shows the presence of a Na + ,K + -ATPase pump in ameloblasts, this would explain Na + export to some extent. Endocytotic functions appear to be mediated, at least in part, by the AP-2/clathrin-dependent pathway in maturation-stage ameloblasts (Lacruz et al., 2013) . It may also be the case that either the protease Ctrc functions in association with Klk4 in the processing of matrix breakdown which may subsequently undergo endocytosis, or it is perhaps directly associated with the lysosomal/endosomal apparatus. Note: The current diagram should be viewed as work in progress. (Lyaruu et al., 2008; Bronckers et al., 2009) , or perfusion-fixed rats (Josephsen et al., 2010) , have shown somewhat contradictory results related to AE2 and NBCe1 localization in ameloblasts, suggesting that AE2 is located to "cytoplasmic and in basolateral membranes" in maturation-stage ameloblasts (Bronckers et al., 2009) , and NBCe1 expression is mostly, or exclusively, seen in the PL cells of the enamel organ (Josephsen et al., 2010) . This would suggest that epitope presentation, antibody choice, and immunohistochemical methodologies have to be carefully and critically evaluated as data are gathered and presented. While there is still much to explore, it is clear, even at this time, that ameloblasts and the PL cells have an extraordinary capacity to buffer the enamel matrix against extreme pH changes arising from enamel Hap crystallite formation and growth Smith, 1998; Lacruz et al., 2010a) .
FUTURE DIRECTIONS
Enamel maturation and calcium transport were the subjects of 2 seminal papers published in the review series of this journal about 15 years ago (Smith, 1998; Hubbard, 2000) . The resurgence of interest on the part of enamel biologists in gaining a broader understanding of the processes involved in the mineralization of enamel is reflected in the recent increase in publications on this subject. Our work has focused and will continue to focus on gaining a better understanding of chloride (Cl -) transport, endocytosis, and Ca 2+ transport and on better defining proteolysis and associated processes. Regarding Cltransport, we have shown abnormal mineralization in deciduous and permanent porcine teeth with cystic fibrosis transmembrane conductance regulator (CFTR) mutations (Lacruz et al., 2012b) , highlighting the critical functions of this anion in amelogenesis. Chloride is the most abundant biological anion regulating intracellular pH, fluid secretion, cell volume, and changes in membrane excitability, functioning at the plasma membrane or in the membranes of intracellular organelles (al-Awqati et al., 1992; Jentsch, 2007) . Our recent report on the expression of one chloride channel family (CLC) in maturationstage ameloblasts associated with the lysosomal/endosomal pathway (Lacruz et al., 2013) prompted us to further investigate the possible expression of additional Cltransporters in the enamel organ. Fig. 2 shows the expression levels of mRNA transcripts for the calcium-activated chloride channels (CLCA) and the chloride intracellular channels (CLIC), comparing secretory-and maturationstage enamel organ cells from rats. These data add to the growing list of Cltransporters with potential functions in enamel mineralization, either acting as Clexchangers, permitting entry into or exit from the cell or to be incorporated intracellularly into the lysosomal/endosomal system of ameloblasts. It remains to be elucidated whether the vast array of chloride channels detected in the enamel organ can function as alternative or complementary paths for the movement of this ion. What has become apparent is that the endocytosis of enamel matrix proteins (EMP) remains a challenging area of study. The resorptive functions of ameloblasts during maturation were recently clarified with the identification of several endocytosis-related gene products, such as clathrin and adaptor protein complex 2 (AP-2) subunits, in the enamel organ (Lacruz et al., 2013) . The up-regulation of these mRNA transcripts and their cellular localization in the maturation-stage enamel organ prompted us to suggest that the endocytosis of Figure 2 . Relative expression of CLCA and CLIC mRNA transcripts in rat mandibular incisor enamel organ by qPCR. Following methods described in Lacruz et al. (2012a,b) , we investigated the expression levels in the enamel organ of CLCA and CLIC gene families involved in Cltransport. CLCAs are Clchannels activated by cytosolic Ca 2+ concentrations showing a strong outward rectification current (Begenisich and Melvin, 1998) . The family is comprised of 5 different members (CLCA1-5), illustrating wide tissue distribution (Kidd and Thorn, 2000; Hartzell et al., 2005) . Note that the Clca3 gene does not appear to be part of the rat genome and was not investigated. The CLIC family is comprised of 6 members (CLIC1-6), also exhibiting wide tissue distribution, but their physiological roles remain poorly described (Cromer et al., 2007) . (A) Real-time PCR shows that levels of Clca2 and Clca5 significantly increased (one-way ANOVA; p < 0.05) in the maturation stage relative to the secretory stage. For the CLIC genes, differences in expression were observed only for Clic6 (2.3-fold increase in maturation). Levels of Clic1 and Clic4 were high in secretory and maturation stages, but no changes in transcript abundance were identified between stages. Values were normalized to β-actin (Y-axis) for each stage and calculated by the ΔΔCT method (Livak and Schmittgen, 2001) . Real-time PCR primers used are listed in the Appendix Table. Figure 3. Immunostaining for Ctrc in mouse molars. Twelve-day-old mouse mandibles were fixed in 10% formalin, demineralized for 7 days in 10% EDTA, embedded in paraffin, and sectioned. Following imunohistochemistry protocols as described (Lacruz et al., 2013) , sagittal sections of molars were immunostained with Ctrc antibody (ab35694, Abcam, Cambridge, UK). Ctrc is expressed at the apical pole of maturation-stage ameloblasts (Am) but not in the enamel matrix (E). Secretory ameloblasts did not stain for Ctrc (data not shown). Kashgarian et al., 1985; Garant et al., 1987; Josephsen et al., 2010 Am = ameloblasts; PL = papillary layer; Si = stratum intermedium. *Note that the antibody used in the study by Josephsen and co-workers (2010) was an ATPase, Na + /K + transporting-alpha subunit, of which there are 4 unique genes. It is unclear which of the 4 gene products this particular antibody recognizes.
enamel matrix protein debris involves ligand-receptor signaling activities (Lacruz et al., 2012a (Lacruz et al., , 2013 . Moreover, the identification in the enamel organ of the protease caldecrin (also known as chymotrypsin C or Ctrc) (Lacruz et al., 2011b (Lacruz et al., , 2012a may also be associated with endocytosis (see below). Originally, the similar expression pattern of Ctrc (Lacruz et al., 2011b) to that of the better known enamel protease kallikrein-4 (Klk4) (Bartlett and Simmer, 1999; Lu et al., 2008) led us to hypothesize that Ctrc may function to degrade enamel products; possibly smaller fragments generated by Klk4, although this was not tested. To help clarify the function of Ctrc in enamel, we have conducted an immunohistologic study of the cellular localization of Ctrc in enamel cells (Lacruz et al., 2011b) . Fig. 3 shows the first molar of a 12-day-old mouse stained with Ctrc antibody, suggesting that Ctrc is localized to the apical pole of maturation-stage ameloblasts. Hence, it remains unclear whether Ctrc functions as an extracellular protease or at the plasma membrane/intracellular level, perhaps associated with the early endosomal apparatus. Many of these ion channels/transporters described in the enamel organ are already well-known in studies of the physiology of other soft-tissue organs, such as the kidney and pancreas, permitting the construction of a model for the mechanistic physiology of transport in enamel. Fig. 1 (see also the Table for gene products associated with the mature enamel organ cells that have been discussed in this review) is a schematic for interpreting intra-and extracellular transport in pancreatic duct cells and maturation-stage ameloblasts. From recent works (Bronckers et al., 2009; Josephsen et al., 2010; Okumura et al., 2010; Lacruz et al., 2012a) , we understand that the solute carrier (SLC) gene family is highly represented in amelogenesis, indicating that there is an enormous void of knowledge as to the functions and relevance of other ions (i.e., sodium, potassium, zinc, iron) in enamel maturation (McKee et al., 1987; Lacruz et al., 2013) . Similarities of ion transport with kidney and pancreas physiology indicate that enamel development should not be viewed as an isolated occurrence within mammalian development, but rather, ion transport biology must be integrated within overall organismic phenomena and thus is equally affected by physiological anomalies.
